In conscious dogs with complete atrioventricular block, overdrive pacing of the idioventricular rhythm normally results in overdrive suppression (OS). Frequently, however, we observed another response to overdrive, that is, QRS complex or complexes with unexpectedly short coupling intervals followed by normal OS. We have named such a QRS complex a "premature escape beat" (PEB). Based on the response of PEBs to electrical stimulation, we postulate that PEBs are based on triggered activity resulting from delayed afterdepolarizations. This hypothesis was tested in 82 experiments by 1) stimulation under control conditions and in combination with 2) subtoxic and toxic amounts of ouabain 20-50 jig/kg, 3) lidocaine 3 mg/kg, and 4) doxorubicin 16-24 mg/M2. The stimulation protocol, which was repeated at random five to 10 times, consisted of 10 and 50 stimuli using interstimulus intervals of 200, 400, 600, and 800 msec. This protocol was not only performed during spontaneous idioventricular rhythm but also during a continuously paced rhythm with interstimulus intervals of 800 msec. It was found that 1) the chance to induce a PEB or PEBs increased and 2) their first postpacing interval significantly decreased using short or fast drives, or both. Ouabain increased significantly and in a dose-dependent manner 1) the ability to induce PEBs and 2) the number of PEBs per stimulation-train, and also shortened their first postpacing interval. Opposite effects were seen after lidocaine, doxorubicin, and continuous pacing as follows: 1) a lower incidence of PEBs and 2) lengthening of their first postpacing interval. These results support our hypothesis that PEBs are based on triggered activity resulting from delayed afterdepolarizations. (Circulation 1990;82:213-224) W hile studying the response of ouabaininduced ventricular tachycardia (VT) to electrical stimulation in conscious dogs,1 we noticed that initiation of "triggered" beats by pacing was possible in the absence of ouabain (Figure 1) . We have termed these QRS complexes with unexpectedly short coupling intervals "premature escape beats" (PEBs). Their occurrence is in contrast to the phenomenon of overdrive suppression, which is normally seen when an idioventricular rhythm is overpaced.2 The amount of overdrive suppression is dependent on rate and duration of stimulation34 and is followed by slow acceleration of the ventricular rate until prepacing values are attained.
In conscious dogs with complete atrioventricular block, overdrive pacing of the idioventricular rhythm normally results in overdrive suppression (OS) . Frequently, however, we observed another response to overdrive, that is, QRS complex or complexes with unexpectedly short coupling intervals followed by normal OS. We have named such a QRS complex a "premature escape beat" (PEB). Based on the response of PEBs to electrical stimulation, we postulate that PEBs are based on triggered activity resulting from delayed afterdepolarizations. This hypothesis was tested in 82 experiments by 1) stimulation under control conditions and in combination with 2) subtoxic and toxic amounts of ouabain 20-50 jig/kg, 3) lidocaine 3 mg/kg, and 4) doxorubicin [16] [17] [18] [19] [20] [21] [22] [23] [24] mg/M2. The stimulation protocol, which was repeated at random five to 10 times, consisted of 10 and 50 stimuli using interstimulus intervals of 200, 400, 600, and 800 msec. This protocol was not only performed during spontaneous idioventricular rhythm but also during a continuously paced rhythm with interstimulus intervals of 800 msec. It was found that 1) the chance to induce a PEB or PEBs increased and 2) their first postpacing interval significantly decreased using short or fast drives, or both. Ouabain increased significantly and in a dose-dependent manner 1) the ability to induce PEBs and 2) the number of PEBs per stimulation-train, and also shortened their first postpacing interval. Opposite effects were seen after lidocaine, doxorubicin, and continuous pacing as follows: 1) a lower incidence of PEBs and 2) lengthening of their first postpacing interval. These results support our hypothesis that PEBs are based on triggered activity resulting from delayed afterdepolarizations. (Circulation 1990 ;82:213-224) W hile studying the response of ouabaininduced ventricular tachycardia (VT) to electrical stimulation in conscious dogs,1 we noticed that initiation of "triggered" beats by pacing was possible in the absence of ouabain (Figure 1) . We have termed these QRS complexes with unexpectedly short coupling intervals "premature escape beats" (PEBs). Their occurrence is in contrast to the phenomenon of overdrive suppression, which is normally seen when an idioventricular rhythm is overpaced. 2 The amount of overdrive suppression is dependent on rate and duration of stimulation34 and is followed by slow acceleration of the ventricular rate until prepacing values are attained.
Based on the response of PEBs to electrical stimulation, we considered the possibility that PEBs are based on triggered activity resulting from delayed afterdepolarizations (DADs). This arrhythmogenic mechanism has been most extensively investigated in the setting of digitalis intoxication.5-8 Other interventions inducing DADs have also been described, like catecholamines,9,10 hypopotassemia,1""2 after myocardial infarction,'1314 during reperfusion, 15 Experiments Experiments were performed at least 2 weeks after the operation to avoid episodes of spontaneous VT, which are known to occur in the early postoperative period.26,27 Six surface electrocardiographic leads and one electrogram were simultaneously registered on an ink-jet recorder (Siemens Elema, The Hague, The Netherlands) and stored on tape. Stimulation was done with a programmable stimulator (internal university product) having a synchronizing circuit.28 Unipolar stimuli preferably from the right ventricle were given using a pulse width of 2 msec and a stimulus strength of twice the diastolic threshold.
Stimulation Protocol
The idioventricular rhythm was overdriven using trains of 10 or 50 stimuli and interstimulus intervals of 200, 400, 600, and occasionally 800 msec. These stimulation-trains were repeated five to 10 times during each experiment in a randomized sequence. Thereafter, drugs were administered or continuous pacing started. Fifteen minutes later, the pacing protocol was repeated. Between consecutive stimulationtrains, enough time was allowed for the ventricular rhythm to regain its prepacing rate and QRS configuration. The RR intervals were continuously displayed on a monitor screen using a computerized QRS complex detecting system.28 The last two intervals before pacing and the first and second interval after pacing were automatically stored on disk. Because of the regularity of the spontaneous rhythm, we considered the last interval before pacing as representative for the rate of the ventricular escape rhythm. Additionally, when the longest interval that was measured after pacing was not the first or the second interval but a later one, we added to the database 1) all the intervals before the longest interval postpacing and 2) the longest interval itself.
Ouabain
A total of 32 experiments were performed in four dogs as follows: Sixteen control experiments were followed by 16 Lidocaine and Doxorubicin A total of 12 experiments were performed in six dogs as follows: Six control investigations were followed by six experiments after lidocaine 3 mg/kg was administered intravenously in 2 minutes. Directly after this bolus, a continuous infusion of lidocaine 100 ,ug/kg/min was given and the stimulation protocol was repeated 15 minutes later. In another four dogs, eight experiments were performed, that is, four control investigations and four experiments were performed after doxorubicin was administered. First, this drug was given intravenously in a dose of 16 mg/m2 in 2 minutes.22 Thereafter, the pacing protocol consisting of 120 stimulations was repeated. Subsequently, a second injection of 24 mg/M2 in 2 minutes was given, after which the stimulation protocol was repeated again.
Continuous Pacing
In this protocol, a total of 24 experiments were performed in 12 dogs as follows: Twelve control experiments were followed by 12 investigations, after which the ventricular rate was increased by pacing to 75 beats/min (800 msec). During this faster rhythm, the pacing protocol was repeated. After stimulation, 10 spontaneous beats were registered, after which regular pacing was started again. This rhythm was continued for at least 1 minute before the next stimulation-train was given.
In four experiments, the pacing protocol was repeated once more after administration of lidocaine. Also, in two experiments, doxorubicin was given in combination with continuous pacing. Both drugs were administered in the same dosage as previously described.
The following abbreviations are used (see tables): Va-Va is the last RR interval before pacing, n(Vs) is the number of stimuli, Vs-Vs is the interstimulus interval, Vs-V is the first postpacing interval, and V-V2 is the interval between the first and second postpacing QRS complex.
Analysis of Data
The data were analyzed according to the relation between the last prepacing, and the first and second postpacing RR intervals ( Administration of this drug resulted in a dosedependent increase in the ability to induce PEBs. For example, for 10 stimuli, the incidence increased significantly from 41% to 70% at therapeutic levels and to 93% at toxic levels ( Figure 4, panel 1) . Similar results were obtained for the other pacing variables (Figure 1, upper panels) . Similar to the results shown in Figure 1 , higher dosages of ouabain induced more PEBs per stimulation-train, finally resulting in sustained VT. The observed relations seen in control conditions persisted, that is, inducibility of PEBs decreased on increasing the number of stimuli (Figure 4, panel 1) . Also, inducibility decreased at longer interstimulus intervals, although differences became small at toxic levels of ouabain ( Figure 4, panel 2) .
The coupling interval of PEBs showed a dosedependent reduction during ouabain administration. This reduction was independent of the number of stimuli and the interstimulus interval (Figure 4 , panels 3 and 4). At therapeutic levels of ouabain, the first postpacing interval lengthened on increasing the number of stimuli (Figure 4, panel 3) . In contrast, this interval shortened at toxic levels. The observed reduction in first postpacing interval on decreasing the interstimulus interval remained present after ouabain (Figure 4, panel 4) .
Lidocaine
A total of 400 stimulation-trains were given both under control conditions and after lidocaine administration. Lidocaine increased the RR intervals of the idioventricular rhythm markedly from 1,350±+150 to 1,550+ 240 mse. (pc .001).
The ability to induce PEBs was diminished during lidocaine administration, independent of number of stimuli and interstimulus interval ( Figure 5 , upper panels). This decrease occurred in a use-dependent fashion, that is, it was most pronounced after 50 stimuli and interstimulus intervals of 200 msec. Second, lidocaine significantly increased the first postpacing intervals of the PEBs. Again, this was independent of the number of stimuli ( Figure 5 , lower left panel) and the interstimulus intervals ( Figure 5 , lower right panel).
Doxorubicin
The pacing protocol consisted of 120 stimulationtrains under control conditions and 240 after doxorubicin administration. The effects of the two injections are presented in combination. Doxorubicin caused a significant increase of the last prepacing interval from 1,160+260 to 1,250±310 msec (p<0.01).
The effect of doxorubicin on the ability to initiate PEBs and their first postpacing interval is summarized in Figure 6 . There was a decrease seen in inducibility of PEBs, which was significant (pO.01) for 50 stimuli and interstimulus intervals of 200 and 600 msec. In Figure 7 , an example of suppressing a PEB using doxorubicin is presented. Also, the first postpacing interval of the remaining PEBs lengthened, although this was not significant for any of the pacing variables.
Continuous Pacing
Using continuous stimulation of the ventricles with interstimulus intervals of 800 msec, we observed a significant decrease in the induction of PEBs ( Table 2 ). The combination of continuous pacing with lidocaine or doxorubicin resulted in a further reduction. The few PEBs that still occurred were induced by fast and short stimulation-trains. With the exception of 50 stimuli, all interventions lengthened the first postpacing interval. This increase was most pronounced after the combination of continuous pacing and medication. In Figure  8 , an example is presented. Note the induction of two PEBs under control conditions, which is followed by a long pause. Continuous pacing led to induction of one PEB, and both the first postpacing interval and the overdrive-suppressed second interval are increased. Finally, the combination of continuous pacing and lidocaine completely suppressed the induction of the PEB although increasing overdrive suppression. Neither ouabain, lidocaine, doxorubicin, or continuous pacing at a basic cycle length of 800 msec alone or in combination changed the relations in regard to variations in pacing rate and duration, as observed during control conditions. There was one exception; that is, increasing the number of stimuli from 10 to 50 at toxic dosages of ouabain ( activated, which will be most evident after stimulation with 50 stimuli. Also, the observed increase in the first postpacing interval, on increasing the number of stimuli from 10 to 50 under control conditions, is less pronounced after therapeutic dosages of ouabain, and it is even reversed after toxic dosages of ouabain ( Figure 4 , left panel). As shown in Figure 7 , overdrive pacing could also induce more than one PEB followed by overdrive suppression. This is in agreement with in vitro experiments in which more DADs reaching threshold could be induced5,6,21 after fast pacing trains. Unsupportive of this explanation is that application of this stimulation protocol in isolated tissue did not result in induction of PEBs nor in DADs (Molina Viamonte V, Rosen MR, unpublished observations). Several differences, however, exist between the experimental conditions in vitro and in the intact heart. The spontaneous rate in isolated Purkinje fibers is markedly slower than in the intact heart. Isolated tissue lacks innervation of the autonomic nervous system. Sympathetic contribution is an important factor in the induction of triggered activity. The number of potential pacemakers in vitro is much smaller than in the intact heart. Therefore, we are not convinced that this negative observation excludes the possibility of triggered activity as an explanation for the results of our experiments, but we think that other additional factors must contribute to the heart in situ. This is supported by studies from Vassalle et al,4 who showed that the induction of similar beats by pacing was only possible in the presence of elevated levelsof catecholamines.
Other Anythmogenic Mechanisms
Abnormal automaticity, reentry, or (enhanced) normal automaticity have also been considered as possible underlying mechanisms of PEBs. Abnormal automaticity is unlikely because PEBs frequently had the same QRS configuration as the markedly suppressed second QRS complex (Figures 2 and 3) , which indicates that PEBs originate from foci with a normal diastolic membrane potential.33 Reentry is unlikely because 1) PEBs were suppressed on increasing the number of stimuli, 2) PEBs were not restricted to a specific range of interstimulus intervals, and 3) the frequency of inducing PEBs increased when the interstimulus interval was shortened. Considering normal automaticity, it was suggested that electrical stimulation results in catecholamine release at the site of stimulation. 34 The PEBs, however, did not have a QRS configuration similar to the paced beats. Second, the disappearance of PEBs on a greater number of stimuli is not expected. Additionally, continuous pacing often induced pronounced overdrive suppression of the second interval, whereas the PEB was still inducible.
Triggered activity resulting from DADs as the cause for PEBs is suggested by the following several events: 1) the incidence and length of the first postpacing interval in relation to variations in pacing, 2) promotion of induction by ouabain, 3) suppression by lidocaine, doxorubicin, and continuous pacing, and 4) shortening of the first postpacing interval of the PEBs by ouabain, and lengthening by lidocaine, doxorubicin, and continuous pacing.
Clinical Implications
Triggered activity has been demonstrated in vitro under many different pathophysiological conditions. This suggests a more frequent occurrence of arrhythmias based on this mechanism than is presently believed. Systematic study of triggered activity in the human heart is still not feasible because of lack of sufficiently specific tools to identify this mechanism clinically. Therefore, an intact heart model is urgently needed. When triggered activity is indeed the underlying mechanism for the PEBs, our model might allow systematic investigation of this mechanism in the intact heart under different pathophysiological circumstances, pharmacological interventions, or both.
